We demonstrate that a two-dimensional electron system fabricated from a GaAs/ AlGaAs quantum well in the presence of a magnetic field B possesses the ability to detect electromagnetic radiation in a broad frequency range. Irradiation of the sample with microwaves produces a dc-photovoltage which oscillates as a function of B. The amplitude and the period of the oscillations are proportional to the radiation power and the wavelength, respectively. Successful operation of such a detector/ spectrometer is reported for microwave frequencies up to ϳ150 GHz and temperatures up to ϳ80 K. We do not anticipate any principal difficulties in extending the operation frequency further into the terahertz region. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1856143͔
Detection of millimeter and submillimeter electromagnetic radiation ͓frequencies f of 100 GHz to a few terahertz ͑THz͔͒ remains a challenging applied-physics problem. Schottky diodes, 1 conventionally used in the microwave range, are broadband detectors sensitive to the power of the electromagnetic radiation, but insensitive to its frequency. Their use for measuring the frequency requires complicated schemes including gratings, moving mirrors, or similar elements. Selective and tunable infrared detectors, based on electronic transitions in quantum wells, 2-5 are free from such disadvantages, but demand very low temperatures for their operation. As they rely on a substantial population difference between two energy levels, such detectors only work properly when kT Ӷប. This implies T Ӎ 10 K in the infrared and even lower temperatures in the THz and sub-THz frequency ranges. Using not electron but plasmon resonances in semiconductor structures can help to circumvent this severe temperature limitation, due to the classical nature of plasma excitations. Voltage tunable detection of radiation by exploiting plasmon resonances in gated submicron field-effect transistors has been proposed in Refs. 6 and 7 and experimentally demonstrated at sub-THz frequencies in Refs. 8-11 ͑see also Ref. 12͒. Unfortunately, the use of "standard" twodimensional ͑2D͒ plasmons for the detection of radiation imposes another restriction on the operating conditions of the devices. 2D plasmons are observable only when Ͼ 1 and the momentum relaxation time ͑T͒ essentially decreases with increasing temperature. Hence, the detection of radiation is possible only at sufficiently large frequencies and sufficiently low temperatures. In practice, detection of f = 600 GHz radiation was possible only at T =8 K. 10, 11 The need for transistors with very short gate lengths ͑150 nm 10, 11 ͒ represents another complication of the 2D plasmon detection scheme.
In this letter, we report on the detection of radiation by GaAs/ AlGaAs quantum-well devices under the conditions kT ӷប and Շ 1. The samples had the shape of standard Hall bars with dimensions on the millimeter scale and with several pairs of potential probes on each side of the channel. They were placed in a perpendicular field B. Microwave radiation ͑20 GHzՇ f Շ 150 GHz͒ induced a dc voltage between any pair of potential probes on the same side of the Hall bar ͑photoresistance oscillations have been observed too 13 ͒. This photovoltage was periodic in B. The oscillation amplitude and period were proportional to the microwave power and the wavelength, respectively. Hence, the effect can be used for the detection and spectroscopy of electromagnetic radiation.
Operation of our devices is based on the excitation of a special class of plasma waves in the two-dimensional electron system ͑2DES͒: edge magnetoplasmons ͑EMPs͒. A recent review is found in Ref. 14. EMPs are plasma waves localized near and propagating along the edge of the 2DES in a direction determined by the orientation of the external B field. If the applied B field satisfies the condition c Ͼ 1, they are observable at both large and small values of Figure 1͑c͒ shows some examples of calculated B-field dependencies of the photovoltage for typical experimental parameters.
All samples were processed from the same GaAs/ AlGaAs heterostructure into Hall-bar geometries with a width W of either 0.4 or 0.5 mm and with a distance between adjacent potential probes L of 1.6, 0.5, 0.4, 0.2, or 0.1 mm. The electron concentration and mobility ͑at 4 K͒ varied from 1.6 to 3.3ϫ 10 11 cm −2 and 0.6 to 1.3 ϫ 10 6 cm 2 / V s, respectively. The sample was placed in an oversized 16 mm waveguide at the maximum of the microwave electric field. Microwave generators covered the frequency range from 12 to 158 GHz. Further experimental details can be found in Ref. 13 .
Figures 2͑a͒ and 2͑b͒ display the B-field dependence of the microwave induced photovoltage measured for microwave frequencies of 40 and 55 GHz and distance L = 0.5 mm. The amplitude of the photovoltage oscillations is nearly insensitive to temperature T in the range 1 -20 K. A further increase of T up to 40 K suppresses the oscillation amplitude by a factor 2-7, dependent on f and the dimensions of the device. For smaller device dimensions, the oscillations were detectable even at T Ͼ 80 K as illustrated in Fig. 2͑c͒ for L = 0.1 mm. Figure 3͑a͒ shows the T dependence of the peak amplitude in the fast Fourier transform ͑FFT͒ of the photovoltage, measured for a small-size device ͑L = 0.2 mm͒ under 55 GHz radiation. As ⌬B ϰ 1/ f, the FFT directly reveals the spectrum of the incident radiation. Figure  3͑b͒ depicts FFT spectra of the photovoltage under monochromatic and bichromatic radiation. These traces demonstrate not only that the FFT-peak position on the 1 / B axis is proportional to the radiation frequency, but also that the spectral resolution of these devices is approximately equal to 5 GHz. This is far better compared to other semiconductor based spectroscopy techniques ͑e.g., using InSb Landau level spectroscopy͒. At frequencies between 50 and 100 GHz, the effect was detectable down to an input power level of less than 5 nW ͑at 4 K͒ when using lock-in detection. In devices having contact pairs separated by unequal distances, oscillations with several periods occur for monochromatic incident radiation. At higher T and f, the larger period oscillations associated with the contact pairs with shorter distances become dominant. This observation is likely related to the re- duction of the EMP scattering length and requires further studies.
In summary, we have demonstrated the existence of a B-periodic microwave induced ͑20 GHzՇ f Շ 150 GHz͒ photovoltaic effect in GaAs/ AlGaAs quantum well devices. It can be exploited for measuring both the frequency and the intensity of incident radiation. The magnetic field plays a dual role. It is responsible for the existence of chiral edge magnetoplasmons and causes the interference inside our small device. Only a moderate magnetic field is needed and it replaces more cumbersome and expensive external interferometric systems. There is no apparent principle difficulty in extending the operating frequency by one order of magnitude up to 1 THz and beyond, although it calls for devices with a ten times shorter distance between the contacts. As in our devices L was ϳ0.1-0.5 mm, no submicron technology is needed even at f ജ 1 THz. 
